The expression of Moloney murine leukemia virus and vectors derived from it is restricted in undifferentiated mouse embryonal carcinoma and embryonal stem (ES) cells. We have developed a retroviral vector, the murine embryonic stem cell virus (MESV), that is active in embryonal carcinoma and ES cells. MESV was derived from a retroviral mutant (18, 19) . In addition, MPSV and PCMV contain point mutations within the leader sequences that are also major determinants in the expanded permissiveness of these vectors, at least in EC cells (13, 15) . In this study we have analyzed the expression of PCMV vectors in ES cells. We found that the enhancer region of PCMV was functional in ES cells. However, sequences located within the 5' untranslated region of the viral genome completely abolished viral expression in ES cells. Replacement of this region by functionally equivalent sequences obtained from the dl-587rev virus (20) allowed LTR-mediated expression of retroviral genomes in ES cells, independent of the chromosomal site of integration.
cells. The enhancer region ofPCMV was shown to be functional in both cell types, but sequences within the 5' untranslated region of PCMV were found to restrict viral expression in ES cells. Replacement of this region by related sequences obtained from the dl-587rev retrovirus results in MESV, a modified PCMV virus that confers G418 resistance to fibroblasts and ES cells with similar efficiencies. Expression of MESV in ES cells is mediated by transcriptional regulatory elements within the 5' long terminal repeat of the virai genome.
Embryonal cell lines are widely used to study gene regulation and function during early mouse embryogenesis. Pluripotent embryonic cell lines can be divided into tumor-derived embryonal carcinoma (EC) and embryonal stem (ES) cell lines, the latter being directly derived from in vitro cultures of mouse blastocysts (1, 2) . Microinjection or electroporation is normally used to introduce foreign DNA into EC and ES cells. Retroviral vectors are a potential alternative to these transfer methods. Among the advantages of using retroviral vectors are the high efficiency of gene transfer, the relatively constant levels of expression of the newly introduced genes, and the ability to manipulate the infection protocol to ensure single-copy integration. However, the use of retroviral vectors in EC and ES cells has been impaired by the lack of retrovirus-mediated expression in these cells (3) (4) (5) (6) (7) . De novo methylation, lack of enhancer function, presence of negative trans-acting factors, and involvement ofintragenic sequences have all been proposed to explain the block of retroviral expression in stem cells (8) (9) (10) (11) (12) (13) (14) (15) .
By using a genetic approach, we have isolated retroviral host range mutants for EC cells. The first of such mutants, selected for transformation of hematopoietic precursor cells, was the myeloproliferative sarcoma virus (MPSV) (16) . MPSV vectors are expressed in the EC cell line F9 but not in other embryonic cell lines (7, 17) . Direct selection for expression in PCC4 cells generated a mutant of MPSV, the PCC4-cell-passaged myeloproliferative sarcoma virus (PCMV), which confers G418 resistance to NIH 3T3, F9, and PCC4 cells with high efficiencies (17, 18) . Molecular analysis of the genomes of MPSV and PCMV revealed multiple base-pair (bp) substitutions within the viral long terminal repeats (LTRs), which have been shown to be essential for the host-range expansion of these viruses (18, 19) . In addition, MPSV and PCMV contain point mutations within the leader sequences that are also major determinants in the expanded permissiveness of these vectors, at least in EC cells (13, 15) . In this study we have analyzed the expression of PCMV vectors in ES cells. We found that the enhancer region of PCMV was functional in ES cells. However, sequences located within the 5' untranslated region of the viral genome completely abolished viral expression in ES cells. Replacement of this region by functionally equivalent sequences obtained from the dl-587rev virus (20) allowed LTR-mediated expression of retroviral genomes in ES cells, independent of the chromosomal site of integration.
MATERIALS AND METHODS
Cell Culture and Viral Infections. The ES cell line CCE was obtained from M. Evans (Department of Genetics, Cambridge University, Cambridge, U.K.) at passage 10, grown on mitomycin-treated primary fibroblast feeder layers, and frozen at passage 11. The undifferentiated state of the cells was monitored by immunofluorescence as described (17) . For viral infections ES cells were grown on gelatin-coated plates in buffalo-rat-liver-cell-conditioned medium (21) . Infection of fibroblasts and ES cells was performed as described (17) . Neomycin-resistant colonies were counted after 12-14 (NIH 3T3 and CCE) or 8-9 days (ES.D3) in selective medium.
For DNA and RNA analysis of neomycin-resistant (neoR) NIH 3T3 and ES cells, cells were infected with viruscontaining cell supernatant and selected in G418-containing medium (0.2 mg/ml). The neoR clones were pooled after 10-12 days in selective medium and expanded. For DNA and RNA analysis of infected and nonselected cells, NIH 3T3 and CCE cells were infected six times with virus supernatants during a 1-week period. Cells were then kept in culture for 3 days before analysis.
Proc. Natl. Acad. Sci. USA 87 (1990) 9203 fragment into PCMV(BX)/MLV-CAT as described above. In PCMV(BX)/Bal587-CAT, the Kpn I-Bal I DNA fragment was obtained from the dl-587rev virus (20) .
P5Gneo was derived from mos--neoR-PCMV by replacing a 531-bp Kpn I-Pst I DNA fragment with the equivalent fragment obtained from dl-587rev. Furthermore, the neoR gene was shortened to contain only coding regions by digestion of mos--neoR-PCMV with Sph I and BamHI and replacing this fragment with a Sph I-BamHI fragment obtained from pMClneo (22) .
DNA and RNA Analysis. Southern blot analysis of genomic DNA was performed as described (18) . Total cellular RNA was prepared by the guanidine isothiocyanate method (23) . For primer extension analysis, 0.5 pmol of a 32P-labeled CAT-specific oligonucleotide (5'-CCATTTTAGCTTCCT-TAGCTCC-3') was annealed to 50 ,ug of total RNA. Reverse transcription and analysis of the reaction products were done as described (24) . For the preparation of antisense riboprobes, a 517-bp EcoRV-Spe I fragment (positions -230 to +287) from mos--neoR-PCMV and a 522-bp EcoRV-Spe I fragment (positions -230 to +292) from P5Gneo were cloned into the Bluescript II vector. RNA probes were synthesized from linearized plasmids with T17 RNA polymerase and used without further purification. Hybridization of the riboprobes to total cellular RNA, treatment of the hybrids, and analysis of the radiolabeled RNA were performed according to standard protocols (24) . The efficiency of neoR transfer of mos--neoR-PCMV was compared with that of mos--neoRMPSV, which does not confer G418 resistance to PCC4 cells (17, 18) and, therefore, was not expected to express the neoR gene in ES cells. The efficiency of neoR transfer to fibroblasts was similar for both viruses (Table 1) . However, infection of the embryonic stem cell line CCE with mos--neoR-PCMV resulted in a low number of neoR colonies (Table 1) , comparable to that obtained with mos--neoRMPSV. The fact that PCMV vectors are efficiently expressed in EC but not in ES cells suggests that other or more stringent restriction mechanisms to viral expression must operate in ES cells. Consequently, we decided to dissect the PCMV genome to define the cis-acting elements involved in the restriction of viral gene expression in ES cells.
REESULTS
The Enhancer Region of PCMV Is Functional in ES Cells. We have shown (18) that a chimeric LTR containing the enhancer region of PCMV (positions -507 to -150) and the promoter region (positions -150 to +34) of the Moloney colonies, RNA was isolated and analyzed for the presence of CAT transcripts by primer extension using a CAT-specific oligonucleotide.
Primer extension of correctly initiated CAT transcripts should result in a 98-nucleotide reverse-transcribed product. Both constructs were equally active in NIH 3T3 cells (data not shown). However, the PCMV(BX)/MLV-CAT construct was 10-fold more active in ES cells than the Mo-MuLV-CAT construct, as judged by the steady-state levels of CAT RNA present in the transfected cells (Fig. 1B, lanes 1 and 2,  respectively) . These results thus indicate that mutations which allow enhancer activity in EC cells also permit expression in ES cells and that restriction to PCMV gene expression in ES cells is most likely mediated by sequences within the transcribed region of the viral genome.
Intragenic Sequences Block the Expression of PCMV Vectors in ES Cells. To investigate the effect of intragenic sequences on the expression of neoRPCMV in ES cells, a 3' -+5' deletion analysis of the leader sequences of mos--neoR-PCMV was done. For this, DNA fragments obtained from the 5' untranslated region of the viral genome were inserted between the PCMV LTR and the CAT gene in plasmid PCMV(BX)/MLV-CAT (Fig. LA) . All fragments contained a common 5' end at position +34 and convenient restriction sites were used to generate sequential deletions at the 3' end. The CAT constructs were transfected into NIH 3T3 and CCE cells and assayed as mentioned above. All constructs were expressed at similar levels in NIH 3T3 cells (data not shown). The inclusion of leader sequences from positions +34 to + 109 into PCMV(BX)/MLV-CAT did not affect expression in ES cells (Fig. 1B, lane 3) . However, inclusion of sequences downstream of position +109 completely abolished expression of the CAT gene in ES cells (Fig. 1B, lanes 4 and 5) . The inhibitory region was mapped between positions + 109 and +180.
Replacement of the Leader Region of PCMV by Functionally Similar Sequences Allows Expression of the CAT Gene in ES Cells. The 5' untranslated region of the viral genome contains elements that are essential for virus replication, packaging, and RNA splicing (25) (20) . The leader region of dl-587rev contains multiple point mutations including five out of six mutations present in the leader region of PCMV but absent from Mo-MuLV (Fig. 2) . To test if the 5' untranslated region of dl-587rev would permit expression from the PCMV LTR in ES cells, a 180-bp DNA fragment (positions +34 to +214) isolated from the mutant virus was inserted between the PCMV LTR and the CAT gene [PCMV(BX)/Bal587-CAT in Fig. 1A] . A plasmid containing a similar fragment obtained from the PCMV leader region was constructed in parallel [PCMV(BX)/Balp-CAT]. Primer-extension analysis of the steady-state levels of CAT RNA in stable transfectants showed the presence of a 260-nucleotide reverse-transcribed product in ES cells transfected with PCMV(BX)/Bal587-CAT recombinants but not in cells transfected with PCMV(BX)/Balp-CAT (Fig. 1B,  lanes 5 and 6) .
The construct PCMV(BX)/Bal587-CAT contains the viral splice and the tRNA primer binding sites. However, it lacks sequences required in cis for packaging of viral RNA. These sequences have been mapped to a 350-bp fragment downstream of position +214 in the Mo-MuLV genome (27) . Therefore, it was necessary to test if these sequences are compatible with virus expression in ES cells. Inclusion of dl-587rev sequences up to position +564 in PCMV(BX)/ MLV-CAT also did not inhibit expression from the PCMV LTR in ES cells (data not shown).
A PCMV-Derived Virus Containing the Leader Region of dl-587rev Confers G418 Resistance to NIH 3T3 and ES Cells with Similar Efficiencies. The previous findings suggested that the introduction of dl-587rev leader sequences into the mos--neoR-PCMV genome should allow retroviral-mediated expression in ES cells. Therefore, a 530-bp Kpn I-Pst I DNA fragment (positions +34 to +564) including part of the R region, the U5 region, and the entire 5' untranslated region from mos--neoR-PCMV was replaced with the corresponding dl-587rev sequences (Fig. 3) and D3 were infected with virus stocks prepared from P5Gneo. neoR transfer to NIH 3T3 cells by either P5Gneo or mos--neoR-PCMV was similarly efficient. However, P5Gneo conferred G418 resistance to ES cells at a frequency that was about 1000 times higher than that of the parental virus and only 1.5-10 times lower than to NIH 3T3 cells (Table 2) . P5Gneo thus confers neomycin resistance to fibroblasts and ES cells with similar efficiencies and, therefore, was renamed "murine embryonic stem cell virus" (MESV). Expression of MESV in ES Cells Is Mediated by the Viral Enhancer Elements. Although the site of virus integration can have profound effects on the transcription of integrated proviruses (26) , the titer of MESV on ES cells suggested that expression of MESV in these cells was mediated by the viral transcriptional control regions and was not significantly influenced by sequences flanking the proviral integration site. To test this assumption, NIH 3T3 and CCE cells were infected repeatedly with MESV or mos--neoR-PCMV and expanded without selection prior to the preparation of DNA and RNA. A G418-selected population of infected NIH 3T3 and CCE cells was assayed in parallel.
RNA was analyzed for the presence of correctly initiated viral transcripts by the RNase protection assay (24) . For this, riboprobes were prepared from linearized plasmid templates containing viral sequences between the EcoRV (position -230) and the Spe I (position +287/+292) restriction sites. Accordingly, hybridization of these probes to viral-specific RNA followed by RNase treatment of the hybrids should protect 287 and 292 nucleotides in samples prepared from 3.1 x 10-4 Virus titrations were performed as described in the legend to Table  1 . The ES cell lines used for infection had been maintained for [12] [13] [14] (CCE) and 8-12 (D3) passages in culture. *Data were provided by A. Gossler (Max-Delbruck-Laboratorium, Cologne). mos--neoR-PCMV and MESV-infected cells, respectively (Fig. 4B) .
RNA prepared from mos--neoR-PCMV infected and nonselected CCE cells did not protect the riboprobe against RNase digestion (Fig. 4A, lane 7) . A 287-nucleotide protected fragment was observed in RNA samples prepared from mos--neoR-PCMV-infected and G418-selected as well as in infected and nonselected NIH 3T3 cells (Fig. 4A , lanes 4 and 6) but was barely visible in infected and drug-selected CCE cells (Fig. 4A, lane 5) . In contrast, a 292-nucleotide fragment was protected against RNase digestion by RNA obtained from MESV-infected and nonselected NIH 3T3 and CCE cells (Fig. 4A, lanes 13 and 14, respectively) as well as in samples obtained from neoR cells (Fig. 4A, lanes 11 and 12) . Besides the 292-nucleotide fragment, a 280-nucleotide fragment was also protected by RNA prepared from MESVCell Biology: Grez et al.
infected cells. However, this fragment was also observed when total RNA obtained from noninfected cells was used for the protection assay (Fig. 4A, lane 10) . Most likely, this fragment reflects the presence ofendogenous transcripts with partial homology to the probe used.
Quantitative analysis of the steady-state levels of MESV RNA in infected cells showed that the amounts of viral RNA per proviral copy were equal in G418-selected cells and in nonselected cells, indicating that expression of MESV in ES cells is mediated by the viral enhancer elements and thus independent of the chromosomal site of integration.
DISCUSSION
Retroviral-mediated expression is blocked in embryonic cell lines (EC and ES cells). By using a genetic approach, retroviral mutants that are expressed in EC cells have been isolated (7, 17, 26) . However, attempts to isolate retroviral mutants with an extended host range to ES cells have failed (unpublished results). It was, therefore, necessary to define retroviral regions involved in the restriction of viral expression in ES cells and then replace these regions by elements compatible with viral expression in these cells. For this we used one of our EC-host range mutant viruses, the PCMV virus, which is expressed in F9 and PCC4 cells (17, 18) . Transcription analysis of recombinants containing various regions of the viral genome showed that the PCMV LTR is functional in ES cells and that the 5' untranslated region of the virus was the major determinant in the restriction of viral expression in ES cells (Fig. 1) . Replacement of these sequences by the leader sequences of dl-587rev (20) resulted in MESV, a recombinant virus that confers neomycin resistance to fibroblasts and ES cells with similar efficiencies (Table 2) .
One crucial aspect in the development of MESV was the observation that the LTR of the parental virus (PCMV), in contrast to that of Mo-MuLV, is functional in ES cells. However, expression of the CAT gene in ES cells was completely blocked by the inclusion of leader sequences between the PCMV LTR and the reporter gene (Fig. 1) . The requirement of this region for conserved functional features that are indispensable for the viral life cycle made it necessary to replace the 5' untranslated region of PCMV with functionally equivalent sequences. The retroviral mutant dl-587rev differs extensively in the leader sequences from the wild-type virus and shows some sequence homologies with PCMV that may be important for expression in ES cells (Fig.  2) . The reassembled PCMV virus with the leader sequences of dl-587rev (MESV) was expressed efficiently in ES cells, as estimated from the number of G418-resistant colonies obtained (Table 2 ) and the steady-state levels of viral RNA in infected and nonselected cells (Fig. 4A) .
The amount of viral RNA per viral copy in ES cells was estimated to be 60-80 times lower than in NIH 3T3 cells (Fig.  4A) . In contrast, the number of G418-resistant colonies observed after MESV infection of fibroblasts and ES cells is similar ( (5, 6, 26, (28) (29) (30) . MESV thus differs from Mo-MuLV-based vectors in that expression of MESV in EC and ES cells is mediated by the 5' LTR and independent of the chromosomal site of integration.
